Objective: Laser tissue soldering using photothermal solders is a technology that facilitates rapid sealing using heat-induced changes in the tissue and the solder material. The solder material is made of gold nanorods embedded in a protein matrix patch that can be placed over the tissue rupture site and heated with a laser. Although laser tissue soldering is an attractive approach for surgical repair, potential photothermal damage can limit the success of this approach. Development of predictive mathematical models of photothermal effects including cell death, can lead to more efficient approaches in laser-based tissue repair. Methods: We describe an experimental and modeling investigation into photothermal solder patches for sealing porcine and mouse cadaver intestine sections using nearinfrared laser irradiation. Spatiotemporal changes in temperature were determined at the surface as well as various depths below the patch. A mathematical model, based on the finite element method, predicts the spatiotemporal temperature distribution in the patch and surrounding tissue, as well as concomitant cell death in the tissue is described. Results: For both the porcine and mouse intestine systems, the model predicts temperatures that are quantitatively similar to the experimental measurements with the model predictions of temperature increase often being within a just a few degrees of experimental measurements.
INTRODUCTION
Sutures are a ubiquitous part of surgery, with approximately 90 million surgical incisions requiring closure each year in the U.S. and 3 million stitches placed daily around the world [1] . Sutures and staples, however, do not provide an immediate seal to the tissue and, additionally, cannot functionally repair tissues in some cases [2] . The ability to rapidly seal ruptured or incised tissue has the potential to decrease infection, leakage, reduced scarring, and healing time compared to suturing [3] [4] [5] . Tissue sealants, adhesives, and glues have thus far been limited in their application and ability to rapidly seal tissue reproducibly, especially when bearing a load [6, 7] . Surgical glues have wide use in topical applications, but, due to long polymerization times and toxicity concerns, glues have seen very limited internal use, especially in wet wound environments [8] . Recently developed nanoparticle solutions have been shown to provide rapid adhesion between two hydrogels. The method relies on the nanoparticle adsorbing onto polymer gels to connect the polymer chains [9, 10] .
Alternatively, laser tissue soldering (LTS) is a rapid tissue sealing technique in which a chromophore converts laser light to heat. This heat induces structural changes in the native tissue and/or biomaterial "solder" leading to a tissue seal through photocoagulation and protein interdigitation ( Fig. 1 ) [11] [12] [13] [14] . The laser-absorbing chromophore may be a native tissue constituent or an exogenous material injected or applied to the surgery site. Native chromophores, including water, melanin, and hemoglobin [15] are present in significant amounts within tissues, and have the advantage of eliciting no foreign body response. However, efficient light absorption by these chromophores prevents deep laser penetration which, in turn, can lead to extensive superficial heating but limited heating in deep tissues [16] . Endogenous chromophores have therefore been extensively studied in thin, transparent, and homogenous tissue, but have been minimally effective in sealing larger tissue geometries [17] .
To overcome these challenges, exogenous chromophore formulations have been used as stains [17] [18] [19] , pastes [12] , or patches [3, 20] in concert with lasers tuned to near infrared wavelengths, at which laser absorbance in the tissue is higher compared to light at visible wavelengths. Tissue stains using aqueous solutions of the organic dye indocyanine green (ICG), and tissue solders largely composed of albumin-ICG viscous liquids or semi-solids have been used [21] . These chromophores work effectively at differentiating laser absorbance from that of the tissue, but organic dyes lack long-term stability and often leach to peripheral tissue [22] . Simultaneously, viscous solders have been criticized for difficulty with reproducing robust soldering with consistency [2, 23, 24] .
Plasmonic nanoparticles, including gold nanorods, are inert and stable, easily modified, and convert laser light to heat approximately a million-fold more effectively than organic dyes [22] , although there are some cytotoxity and bio-elimination concerns [25, 26] . The LTS approach of interest here is based on nanocomposite solders composed of gold nanorods (GNRs) cross-linked or embedded within a polypeptide matrix. In the former case, elastin-like polypeptides (ELP) were crosslinked with GNRs, resulting in the formation of thin film patches [3] , and, in the latter case, collagen hydrogels were physically embedded within GNRs and compressed plastically to form thin film hydrogel patches [20] . ELP-GNR nanocomposites successfully soldered ex vivo porcine intestine in a 47% return in tensile strength and a 45% return in burst pressure compared to intact intestine, and collagen-GNR nanocomposites similarly resulted in a 68% return in tensile strength and a 42% return in burst pressure compared to intact intestine. The extent of laser absorption in these nanocomposites depends on the wavelength of the laser and the absorbance of the chromophore. Gold nanorods tuned to a maximum absorbance at 800 nm were selected because light is minimally absorbed by water and tissue constituents in the therapeutic window [27] . In this work, collagen-GNR nanocomposite hydrogels are used in conjunction with 800 nm NIR laser to solder ruptured porcine intestine.
In addition to tensile strength and burst pressure, the temperature reached during soldering is paramount in establishing the integrity of the solder [28] while also mitigating tissue damage. Thermal denaturation of collagenous tissue is proposed to follow a three-step mechanism [29] [30] [31] , which illustrates the temperature range necessary for forming new tissue bonds. First, at approximately 458C, interfibrillar bridges are broken and the parallel collagen fibril arrangement is impaired. Second, around 608C intramolecular hydrogen bonds are broken, and the fibrillar edges are frayed. Finally, at 808C, the covalent bonds within and between collagen molecules are broken, leading to full denaturation, and the tissue becomes homogenized. From this proposed mechanism and previous studies in laser tissue soldering, it has been seen that the optimal temperature window for tissue bonding is between 60-678C [32, 33] . However, healthy, living cells heated to these same temperatures are likely to be injured or killed by hyperthermia [34] . One promising approach for minimizing healthy cell damage by hyperthermia is the development of micro-particles containing GNRs and superparamagnetic particles agglomerated in a layered polyelectrolyte multilayer matrix. Magnetic particle guidance can be used to enrich the particles in the tissue incision for wound sealing, and the results show damaged areas of less than 100 microns of tissue [35, 36] .
The development of a spatiotemporal model of heat transfer and cell death is motivated by the goal of identifying the optimal conditions for performing laser tissue soldering to help mitigate damage to nearby healthy cells while maximizing solder integrity. A mathematical model of heat transfer and cell death proximal to the nanocomposite and in nearby tissue is described here with the objective of accelerating the identification of optimal LTS treatment parameters. Effective integration of mathematical modeling with laser solder operation can potentially reduce the overall number and duration of experimental trials and potentially lead to improved outcomes for tissue repair by minimizing healthy tissue damage. Most mathematical modeling of laser-tissue interactions has focused on the heating and coagulation of tissue, not the fusing of tissue, and has not included an exogenous chromophore or solder material. Model predictions of tissue temperatures are important because it is difficult to measure the temperatures reached below the treatment surface during LTS, especially in larger tissue geometries where LTS has had less success. The model is validated using porcine intestine and murine colon experimental results.
METHODS

Nanocomposite Synthesis
Collagen-gold nanorod (GNR) nanocomposites were generated based on methods previously described by us [3, 27, 28, 37] . Briefly, gold nanorods (GNRs) with a maximum absorbance at 800 nm were synthesized using the Nikoobakht seed-mediated method [38] . GNRs were then centrifuged repeatedly and redispersed in nanopure (de-ionized) water to a final cetyltrimethylammonium bromide (CTAB) concentration below 0.25 mM. Nanorods were dispersed in 4 mg/ml rat tail type 1 collagen at a concentration of 5 wt% GNRs. These collagen-GNR dispersion solutions were brought to neutral pH while on ice and aliquoted into a 48-well plate (12 mm diameter wells). The well plate was kept at 308C for 1-3 hours to allow the collagen solutions to gel. The resultant gels were roughly 10 mm in height. A hollow cylindrical weight filled with absorbent tissue paper was use to compress the gels and remove excess liquid until the gels were <1 mm in thickness.
Laser Configuration
A titanium sapphire laser pumped by a solid-state laser (Spectra-Physics, Millennia) was configured in the following manner: a 2 mm-diameter beam was passed through a cylindrical lens, and the subsequent laser light was screened by small mask with an approximately 0.5 mm Â 3 mm opening to adjust the area of exposure to 2 mm Â 15 mm at the focus length to simultaneously irradiate the entire portion of the nanocomposite patch covering the wound site ($30 mm 2 area). The laser was tuned to match the maximum absorbance of the collagen-GNR nanocomposites, that is, 800 nm.
Laser Soldering of Porcine Intestinal Tissue
The effectiveness of the laser tissue solder has been previously demonstrated through measuring the tissue burst pressure and tensile strength after soldering. Intestinal porcine tissue was defrosted in water and kept moist at 208C. First, a 1-cm long incision is made through one wall ($2 mm thick) of a section of intestine at the tissue center. The tissue was laid flat on a plastic surface, the incision edges were approximated, and a nanocomposite was placed over the incision [3] . An infrared (IR) camera (ThermaCAM PS60 from FLIR) was placed directly above the tissue and nanocomposite configuration to capture top-down IR images for recording a 2D array of surface temperatures. The center of the nanocomposite corresponding to the incision area was then irradiated at power densities from 0.83 to 2.33 W/cm 2 for up to 8 minutes. IR images were recorded every 5 seconds during the laser irradiation. Additionally, a Digi-Sense Jtype thermocouple ($1.75 mm diameter fiber) was placed directly below the tissue under the center of the nanocomposite. The thermocouple temperature was recorded every 15 seconds. It should be noted that the temperature of an individual nanoparticles is higher than the regional thermocouple temperature measurements reported here [39] [40] [41] [42] .
To compare wound patency, the section of sealed intestine was clamped at both ends and infused with a dyed saline solution until bursting, measuring the maximum internal pressure to determine how much of the native tissue strength was recovered by soldering. A DPI 795 digital manometer (Druck) was placed in parallel to the flow of the dyed saline. Using this manometer, pressure within the intestinal sample was measured. Burst pressure was defined as the point at which the maximum pressure was reached. The change in pressure from the initiation of the experiment to the bursting point was recorded. A syringe pump (NE 300, New Era Pump Systems, Inc) first purged the line and hypodermic needle (26 gauge) for roughly 1 minute, at which point the pressure in the system was constant and was zeroed using the manometer prior to the infusion line and needle being inserted into the intestine. The intestine section was clamped at both ends and filled with saline solution dyed with green food coloring at a flow rate of 0.5 ml/minute using the syringe pump. The infusion continued until intestinal rupture.
The strength of the solder was also tested using rectangular slabs of approximately 50 mm length and 15 mm width of tissue with a soldered incision that was clamped at each end, and an increasing force was applied using a TA.XT Plus Texture Analyzer (Texture Technology Corp.) until failure, extended at a rate of 1 mm/s in uniaxial tension. This force on the tissue under tension was measured using the accompanying Exponent software (Stable Microsystems) to determine the ultimate tensile strength of the tissue by taking the maximum force normalized by cross-sectional area of the tissue being tested.
Laser Soldering of Intestinal Tissue in Mouse Cadavers
Freshly euthanized C57BL/6 mouse cadavers were also used for evaluation of laser tissue soldering. A midline incision was made in each cadaver, and the colon was unpacked from the body cavity. The colon was folded over twice, as shown in Figure 2 . While exact dimensions of the mouse colon are difficult to measure, the mouse colon is assumed to be approximately 0.5 mm thick, as shown in Figure 2 . The nanocomposite patch was partly wrapped around the colon. Similar to the porcine intestine, the IR camera was placed directly above the tissue-nanocomposite configuration to record surface temperature data during laser irradiation; however, unlike the porcine intestine, the thermocouple was arranged in one of three configurations, as shown in Figure 2 . In one configuration, the thermocouple was inserted into the lumen of the primary section of colon tissue with internal contact on both intestinal walls, and temperatures were recorded. In a second configuration, the thermocouple was inserted in between the primary and secondary colon tissue sections and in direct contact with both. In the final configuration, the thermocouple was inserted in the lumen of the secondary tissue similar to configuration one. In each configuration, the thermocouple was located directly below the nanocomposite that was being irradiated by the laser.
MATHEMATICAL MODEL Heat Transfer
A modified form of the Pennes Bio-heat Equation was used to model heat transfer in laser tissue soldering simulations. This equation is used to model the heat transfer within tissues, including in tissues with blood flow [43, 44] . Equation (1) consists of the simplified form of this equation used in the nanocomposite model:
The first term of Equation (1) accounts for thermal diffusion, where ais thermal diffusivity of both the tissue and the nanocomposite patch and is defined by Equation (2):
where k is the thermal conductivity of the nanocomposite patch or surrounding tissue, C p is the heat capacity for both the nanocomposite patch and the tissue, and r is the density. The second term in Equation (1) accounts for the heat generation from the laser energy absorbed by the GNR-infused collagen patch. The variable Q laser refers to the laser power density for the system, and OD is the optical density of the nanocomposite patch. An additional term accounting for blood flow was excluded here due to the lack of blood flow in the experimental system that was used for model validation, and while blood flow has been shown to have a heat-sinking effect, the blood vessels would be coagulated so quickly that the effect of blood flow is minimal [45] . The equation was transformed into a timedependent, variational problem and approximately solved on the domains of interest using the finite element method. The tissue surrounding the patch was assumed to initially be at a fixed temperature, and the modeled tissue region extended sufficiently far beyond the nanocomposite patch such that fixed temperature (i.e., Dirichlet) boundary conditions were applied to the four exterior sidewalls of the porcine model domain and the two end walls of the mouse model domain. This assumption was validated two ways: first, the magnitude of the temperature gradient near the wall was checked (a gradient of less than 18C/mm was observed) and the size of the domain was increased to confirm that the temperature in the region of interest did not change significantly. A no-flux boundary condition was applied along the bottom tissue surface to represent the low thermal conductivity surface used for the porcine experimental measurements, and a fixed temperature boundary condition was used along the bottom tissue surface to reflect the additional intestinal tissue present in the mouse experiments. A Robin boundary condition was applied along the top of the nanocomposite surface that is exposed to air. The Robin boundary condition, which accounts for convection occurring at the air-composite interface, was applied along the upper surface using:
where U air is the overall heat transfer coefficient for air, T is the local tissue/nanocomposite surface temperature (changing with time), and T 0 is the bulk air temperature. The model parameters for the nanocomposite patch system are listed in Table 1 . Many of the parameters were based on values determined previously for an in vitro GNR and cell system [27] , and many parameter values are relatively close to those of water, consistent with the high water content of the nanocomposite patch and intestinal tissue.
In the LTS experiments, the cylindrical intestine was relaxed into a relatively flat, rectangular shape that was the thickness of the pair of intestine walls, and the width was roughly half the circumference of the intestine. As a result of this configuration, the geometry used in the model of the
The temperature prediction comparison of the finer meshes to the primary mesh deviated by less than 2%. A diagram depicting the full model domain (intestinal tissue and nanocomposite patch) with the corresponding boundary conditions is displayed in Figure 3 .
Cell Death Prediction
The Arrhenius cell injury model was used to predict cell death and injury within the tissue [48, 49] . Applying the Arrhenius equation Equation (4), the rate of cell injury can be calculated as:
where A is a scaling factor, E a is the activation energy for injury of the cell, R is the universal gas constant, and T is the local temperature. The variables A and E a were estimated based on previous cell death measurements in a human cell line (PC3-PSMA), and their corresponding values are included in Table 1 [27] . These values were also found to be consistent with the values measured for cells and tissue of similar nature [50, 51] . The fraction of cells killed, F D , was calculated by integrating the accumulated cell injury, k, using Equation (5) [27] .
The values for F D range from 0 to 1, with values closer to 1 approaching 100% cell death prediction.
Mouse Cadaver Model
A model similar to the porcine model was created to predict spatiotemporal temperature profiles and corresponding cell death in the intestinal tissue of mice using many of the same parameters. Variations in the parameters were limited to dimensions of the tissue and laser power density. The mouse model domain had the same shape as the porcine model (i.e., a flattened intestine), but the dimensions for the mouse model were 20 mm Â 10 mm Â 4 mm. Although the wall thickness of the mice intestinal tissue is less than 1 mm, multiple layers of intestinal tissue were present so the overall tissue thickness was set to 4 mm in the z-direction, and the 20 mm length was chosen to ensure that the fixed temperature boundary condition was valid. The laser power density used in this experiment was 0.0167 intestine, between the upper and lower segments, and inside the lower segment of intestine (Fig. 2) .
RESULTS AND DISCUSSION
Porcine Cadaver Intestine Model
The heat transfer model was used to predict the temperature distribution within the nanocomposite and porcine intestine. The maximum surface temperature was predicted to reach a value of 698C (Fig. 4A ) after 4 minutes of laser irradiation at 2.33 W/cm 2 CW, which was consistent with experimental measurements (678C, Fig. 5 ). Due to the elliptical nature of the laser, this elevated temperature at the patch surface extended outward from the center 10 mm by 2 mm ellipse in the x-and y-directions, respectively, in both the IR images acquired during experimentation and in model predictions as shown in Figure 4 . The temperature decreased as the distance from the center of the area of laser exposure in the nanocomposite increased, with the outermost diameter of the patch attaining a temperature of approximately 458C. Outside the 10 mm diameter of the patch, the domain has a moderately elevated temperature extending approximately 2 mm and 3 mm in the x-and y-directions, respectively.
The heat transfer model predictions are compared to experimental measurements from [20] in Figure 5 . The temperature at two different points within the experimental system was monitored during laser irradiation of the nanocomposite at 2.33 W/cm 2 CW for 4 minutes. The first location is the surface temperature at the top of the domain (the nanocomposite surface at the laser exposure center), and the second location is inside of the intestinal lumen, directly below the nanocomposite and the 4 mm thick intestine wall. The individual data points show the experimental measurements at the two different locations, and the solid lines show the heat transfer model prediction of the temperatures at these experimental conditions. Variation within the surface temperatures of the experimental data are seen when incorporating the thermocouple directly underneath in the lumen because the operator holding the thermocouple can create small movements in the LTS configuration. The heat transfer model predictions agree well with the trends shown in experimental data for the nanocomposite and tissue surface temperatures (Fig. 5) . The agreement is not as good, however, for the temperature inside the intestinal lumen for the earlier time points, which show a difference of approximately 58C between the heat transfer model prediction and experimental measurements during the first 3 minutes of the 4-minute LTS experiment. In the final minute, the model predictions and experimental results show significantly better agreement. This difference may be due to potential energy absorption directly by the metal thermocouple below the tissue surface. Exploring a different experimental setup for measuring luminal temperatures may improve the experimental results by removing any artifacts in heat generation.
The profile view of the nanocomposite (Fig. 6 ) displays a predicted temperature gradient extending through the entire depth of both the 1 mm patch and 4 mm tissue. The elevated temperatures (>458C) extend approximately halfway through the depth of the tissue. These results show that even for extended heating periods (4 minutes) peripheral tissue surface temperature is predicted to rise very little as close as 3 mm in the x-or y-direction from the nanocomposite patch. Additionally, the temperatures predicted below the tissue surface do not extend beyond 3 mm in the x-or y-direction from below the nanocomposite. The temperature within the nanocomposite is above approximately 558C uniformly throughout the material, although the surface of the nanocomposite is not uniformly exposed to the laser suggesting that the GNRs in the nanocomposite rapidly heat up and transfer heat throughout the nanocomposite. These elevated temperatures extend through the nanocomposite and into the intestinal tissue directly below.
The results of the cell death model predictions in porcine intestine are shown in Figure 7 . As temperature and time at the elevated temperature increased, cell death also increased. With temperatures reaching above 508C for some of the tissue depth, close to 100% of the cells in the portion of the domain where temperatures exceeded 508C were predicted to have been killed by hyperthermia (Fig. 7) . It is interesting to note the sharper transitions (i.e., sharper gradients) in the cell death model predictions relative to temperature predictions. Increased cell death at higher temperatures is due to the exponential relationship between hyperthermal cell death and temperature that is described by the Arrhenius cell death model. This result suggests that any cell death that results from the LTS process is likely to be mostly limited to the tissue immediately adjacent to and below the soldering nanocomposite and limited beyond that region. It should be noted, however, that additional, longer-term cell death may occur after the initial thermal insult [52] . In a surgical setting, this region directly below the nanocomposite includes the negative space of the wound bed and the tissue edges likely to become necrotic as the wound heals. The incision space and necrotic tissue negate much of the concern regarding extensive cell death directly underneath the nanocomposite, where the majority of cell death occurs as shown in Figure 7 .
Increasing the duration of the laser treatment resulted in higher temperatures and longer time for injury accumulation in both the immediate area undergoing laser irradiation as well as the surrounding area, and these increased temperatures and accumulated injuries are predicted to generate more extensive cell death. For this reason, the power density and duration of laser treatment must be limited to mitigate any extensive and peripheral elevated temperatures and extensive cell death [53] . Ultimately, an optimum set of conditions should exist that balance the increase in temperature with the duration of the heating.
Because exact mechanisms of LTS and heat-induced tissue fusion are not entirely known [54, 55] , the spatiotemporal model cannot be extended to predict solder integrity at various LTS power densities and laser durations. It has been hypothesized in the literature, however, that a critical soldering temperature exists below which protein interdigitation [56] and bonding [12] will not occur. General consensus in the field is that the critical temperature is in the range of 60-658C [18] , although this varies by tissue type. Below this critical temperature, solder strength will be insufficient to cause tissue fusion, while above this temperature, thermal damage increases significantly and tensile strength is decreased [22] . Correlating the temperature to mechanical strength (while exact mechanisms are not known) can aid in determining the critical soldering temperature as well as in adjusting parameters that can be employed to lower the temperature while maintaining solder integrity to further limit thermal damage and cell death. This is demonstrated in Figure 8 , which shows that irradiation of the nanocomposite using a laser at 1.83 W/cm 2 for 4 minutes results in a steady-state temperature of approximately 578C after roughly 4 minutes (white boxes), and at 2.33 W/cm 2 results in approximately 758C in 4 minutes (black boxes). Additionally, a negligible rise in temperature is seen for collagen films in absence of GNRs following irradiation with NIR laser as shown in Figure 8 (gray circles). While only 5% GNRcollagen nanocomposites were used in this work, future work could include optimizing the nanocomposites to minimize the amount of GNRs used while still maintaining reasonably low and inexpensive laser power densities to produce sufficient heat for soldering. In Figure 8 unlike Figure 5 , a thermocouple has not been placed below the tissue surface, and it can be seen that the temperature variations are much less extreme.
From Figure 9 , we can see that the laser soldering condition that results in a temperature of 578C results in a 21.9% return in tissue tensile strength that is not statistically significant compared to the tensile strength of ruptured intestine. By contrast, the soldering condition that results in a temperature of 758C results in a 58.5% return in tensile strength of that of the native tissue compared to the ruptured tissue. The effect of these two temperatures is even more pronounced in the comparison of the fluid pressures at which intestine rupture first occurs. When LTS is performed at 578C for 4 minutes, there is a small 4.8% increase return in the native tissue pressure, which is statistically insignificant from the unsoldered ruptured intestine and thus has remained largely unsoldered. By comparison, soldering at the 758C condition for 4 minutes results in a 46.9% return in rupture pressure of the native intestine, which is significantly different than that of the untreated ruptured tissue and a strong indication of successful soldering. Because the improvement in rupture pressure is nearly 10-fold in the 758C treatment compared to the 578C treatment, we can reasonably assume that the 578C did not reach or maintain the critical soldering temperature for sufficient treatment time, while the 758C treatment did elicit tissue fusion. These results strongly advocate for a correlation between soldering temperature and closure strength. The temperature predictions from Figure 6 suggest that there is sufficient heat to induce soldering in the full thickness of the 4 mm intestine with a critical soldering temperature of 608C. Also, due to the highly localized predicted elevated temperatures, sealing of peripheral tissue or inadvertently sealing the intestinal lumen closed appears highly unlikely. Further work using this spatiotemporal model to predict solder strengths based on LTS temperatures will incorporate the fundamental investigation of the heatinduced chemical mechanisms involved in tissue fusion.
Mouse Cadaver Colon Model
The mathematical model of temperature distribution in the LTS patch and mouse intestine predicted a maximum temperature of approximately 488C over the 4 minutes of laser duration (Fig. 10) . As with the porcine predictions, the maximum temperature was attained near the center of the elliptical region directly exposed to the laser. The region of elevated temperatures extended outward approximately 3 mm past the outer edge of the patch in both the positive and negative x-directions, but the magnitude of the temperature elevation was very small for most of the tissue surrounding the patch. The temperature outside of the patch region reached a high of approximately 328C (Fig. 10 ).
Temperatures were recorded at three different points within the tissue below the patch: inside the primary lumen, between the primary and secondary lumen, and inside the secondary lumen (Fig. 2) . The thickness of the intestinal wall was assumed to be approximately 0.5 mm thick, meaning the temperatures were recorded at depths of 0.5, 1.0, and 1.5 mm below the surface of the intestine (i.e., below the patch). The experimentally measured temperatures at each location are plotted versus time for the duration of the laser treatment, and compared with the mathematical model predictions of temperature at the same locations in Figure 11 .
The model predictions (shown as lines in Fig. 11 ) show many of the same characteristics observed in the experimental data (shown as distinct points). Specifically, the rate at which the temperature increases within the tissue is similar between the model and experiment, and the temperature differences between the tissue layers is also consistent. It should be noted that for the upper most location (thermocouple in Fig. 2B ), the laser was turned off after 2 minutes so comparisons with the model predictions after that time are not possible. There are also some differences between the model predictions and experimental measurements, especially early in the experiment between 30 seconds and 1 minute. These differences could stem from the location of the probes in the model relative to the actual location from the experiment because the exact thickness of the intestine wall is not known. Similarly, they could be caused by the thermocouple directly absorbing some laser energy. These results suggest that the heat generated in LTS is not sufficient to seal adjacent tissue inadvertently.
CONCLUSIONS
A spatiotemporal model has been developed for predicting temperature changes and potential thermal damage during the LTS process with the long-term goal of enabling optimized outcomes and reducing total experimental work by correlating laser power density and treatment duration to solder strength. The model predicts temperature within a photothermal nanocomposite material and surrounding tissue as well as cell death in tissue during the LTS process. For the model results replicating the porcine experimental measurements, the surface of the composite patch reaches temperatures in excess 0f 608C while the adjacent tissue directly below the nanocomposite reaches temperatures in excess of 508C. However, the elevated tissue temperatures are only reached for the few minutes the laser remains on, and temperatures return to normal within a few minutes of the laser being turned off. All temperature predictions from the mathematical model are consistent with experimental measurements. The model predicts that a high fraction of cells are killed by hyperthermia in the tissue immediately adjacent to the nanocomposite, but this is a relatively small region that in a surgical setting would contain negative space and tissue subject to cell death already because of the incision, and the vast majority of cells are expected to survive just a short distance ($2 mm) from the patch. The mathematical model was also assessed through comparisons to temperature measurements from LTS experiments on mouse intestines. In this case, temperature measurements at multiple tissue depths were available, and the mathematical model predictions were quantitatively consistent with the experimental measurements.
Future work will focus on predicting the strength of the solder and identifying conditions that minimize cell death and necrosis in the region adjacent to the patch. Future work also will include mechanistic work with in vivo data to better understand the molecular processes involved in tissue fusion and incorporate these into a predictive model. In addition to laser power density and duration of irradiation, a number of treatment parameters can be varied in order to optimize LTS using photothermal nanocomposites. These include concentration of the chromophore GNRs in the nanocomposite, laser power density, duration of exposure, humidity, blood flow, and tissue homogeneity. Future work on this mathematical model includes incorporating more variables into a predictive model that will assist in the identification of optimal conditions for tissue fusion and repair.
